. Culture and adenoviral infection of adult mouse cardiac myocytes: methods for cellular genetic physiology. Am J Physiol Heart Circ Physiol 279: H429-H436, 2000.-Rapid development of transgenic and gene-targeted mice and acute genetic manipulation via gene transfer vector systems have provided powerful tools for cardiovascular research. To facilitate the phenotyping of genetically engineered murine models at the cellular and subcellular levels and to implement acute gene transfer techniques in single mouse cardiomyocytes, we have modified and improved current enzymatic methods to isolate a high yield of high-quality adult mouse myocytes (5.3 Ϯ 0.5 ϫ 10 5 cells/left ventricle, 83.8 Ϯ 2.5% rod shaped). We have also developed a technique to culture these isolated myocytes while maintaining their morphological integrity for 2-3 days. The high percentage of viable myocytes after 1 day in culture (72.5 Ϯ 2.3%) permitted both physiological and biochemical characterization. The major functional aspects of these cells, including excitationcontraction coupling and receptor-mediated signaling, remained intact, but the contraction kinetics were significantly slowed. Furthermore, gene delivery via recombinant adenoviral infection was highly efficient and reproducible. In adult ␤ 1 /␤ 2 -adrenergic receptor (AR) double-knockout mouse myocytes, adenovirus-directed expression of either ␤ 1 -or ␤ 2 -AR, which occurred in 100% of cells, rescued the functional response to ␤-AR agonist stimulation. These techniques will permit novel experimental settings for cellular genetic physiology.
function using genetically engineered animal models and gene-encoding vector-directed gene transfer systems. Since the first cardiac-specific transgenic mouse was created in 1988 (5), hundreds of transgenic or gene-targeted murine models have been generated for the overexpression, genetic ablation, or site-specific mutation of key proteins governing cardiac structure and function. The subsequent phenotypic characterization of these genetic manipulations in intact animals and isolated hearts has greatly enhanced our current knowledge of cardiac development, Ca 2ϩ handling, excitation-contraction (EC) coupling, and receptor-mediated signal transduction (see Refs. 7 and 8 for review). However, cellular and subcellular phenotypic characterization of these murine models has still been a challenge, and gene transfer by viral transfection has not been well established in adult mouse cardiomyocytes.
Freshly isolated adult mouse myocytes usually maintain functional integrity for 6-8 h without culture and are suitable for acute studies in electrophysiology (1, 14, 24) , intracellular Ca 2ϩ dynamics, and cell contraction (1, 12, 20, (22) (23) (24) . Because vector-mediated gene transfer and subsequent functional characterization require that the adult myocytes be healthy and functional for at least 24 h, the ability to culture the isolated mouse myocytes is essential to cellular "genetic physiology." However, the isolated adult mouse myocytes have a much lower viability (ϳ50%) (3, 13, 22) than those isolated from other species (70-90% for rat, rabbit, and guinea pig) (17, 18) and could rarely survive an overnight culture (see RESULTS AND DISCUSSION). Little information is currently available on cultured adult mouse cardiomyocytes (13) .
In the present study, we have modified current enzymatic methods to improve adult mouse cardiomyocyte yield and quality and have developed a practical and reliable method for short-term culture of these isolated myocytes that retains their morphological as well as physiological integrity. Moreover, we have demonstrated the feasibility of adenovirus-mediated gene transfer in such cultured myocytes from both wild-type and genetically engineered mouse hearts. These new technical developments provide a set of powerful tools for acute gene engineering in single cells, for phenotyping transgenic or knockout models at the cellular and subcellular levels, and for combining the approaches of whole animal and single-cell gene manipulations.
METHODS

Isolation of adult mouse ventricular myocytes.
Wild-type or gene-targeted mice (2-4 mo) of either sex and from various genetic backgrounds (C57B16/J, 129SvJ, DBA/2, or FVB/N) were anesthetized with pentobarbital sodium (100 mg/kg ip). The heart was quickly removed from the chest and retrogradely aortic perfused at constant pressure (100 cmH 2 O) at 37°C for ϳ3 min with a Ca 2ϩ -free bicarbonate-based buffer containing (in mM) 120 NaCl, 5.4 KCl, 1.2 MgSO 4 , 1.2 NaH 2 PO 4 , 5.6 glucose, 20 NaHCO 3 , 10 2,3-butanedione monoxime (BDM; Sigma), and 5 taurine (Sigma), gassed with 95% O 2 -5% CO 2 (see Table 1 and Fig. 1 ). To reduce bacterial or viral contamination, the perfusion setup was washed with 70% alcohol and then rinsed three times with sterilized distilled water before cannulation. All the solutions were filtered (0.2-m filter) and equilibrated with 95% O 2 -5% CO 2 for at least 20 min before use. The enzymatic digestion was initiated by adding collagenase type B (0.5 mg/ml; Boehringer Manheim), collagenase type D (0.5 mg/ml; Boehringer Manheim), and protease type XIV (0.02 mg/ml; Sigma) to the perfusion solution. When the heart became swollen and hard after ϳ3 min of digestion, 50 M Ca 2ϩ was added to the enzyme solution. About 7 min later, the left ventricle was quickly removed, cut into several chunks, and further digested in a shaker (60-70 rpm) for 10 min at 37°C in the same enzyme solution. The supernatant containing the dispersed myocytes was filtered into a sterilized tube and gently centrifuged at 500 rpm for 1 min. The cell pellet was then promptly resuspended in Ca solution I (125 M Ca 2ϩ ; see Table 1 ). After the myocytes were pelleted by gravity for ϳ10 min, the supernatant was aspirated and the myocytes were resuspended in Ca solution II (250 M Ca 2ϩ ; Table 1 ). The final cell pellet was suspended in Ca solution III (500 M Ca 2ϩ ; Table 1 ). Meanwhile, the shake-harvest procedure was repeated several times until all the chunks were digested. For experiments on freshly isolated cells, myocytes were stored in HEPES-buffered solution consisting of (in mM) 1 Culture of adult mouse cardiac myocytes. The entire culture procedure was performed in a class II flow hood. Culture dishes were precoated for 1 h with 10 g/ml mouse laminin (GIBCO) in phosphate-buffered saline (PBS; GIBCO) with 1% penicillin-streptomycin (PS; GIBCO) at room temperature (see Ref. 16 for review). Freshly isolated cardiac myocytes were suspended in minimal essential medium (MEM; Sigma M1018) containing 1.2 mM Ca 2ϩ , 2.5% preselected fetal bovine serum (FBS; GIBCO), and 1% PS (pH 7.35-7.45). After the myocytes were pelleted by gravity for ϳ10 min, the supernatant was aspirated and the myocytes were washed two more times using the same protocol. The myocytes were then plated at 0.5-1 ϫ 10 4 cells/cm 2 in MEM containing 2.5% FBS and 1% PS. After 1 h of culture in a 5% CO 2 incubator at 37 0 C , the medium was changed to FBS-free MEM and this was changed every 48 h during culture.
Criteria for viable mouse myocytes were 1) rod shape, 2) clearly defined sarcomeric striations, and 3) quiescent state (no spontaneous contractile waves) for at least 5 min during observation. Functionally, the viable myocytes exhibited a clear negative contraction staircase during stimulation from rest at 0.5 Hz and a stable steady-state contraction amplitude for at least 10 min.
Adenoviral infection. Adenovirus-directed gene transfer was implemented after 1 h of culture to achieve myocyte attachment. The culture medium was aspirated along with unattached myocytes, and a half-volume (e.g., 1 ml for a 35-mm petri dish) of the FBS-free MEM containing an appropriate titer of gene-carrying adenovirus was added to the dish. Another half-volume of the FBS-free MEM was added following an additional 1-2 h of culture.
To test the expression efficiency, myocytes were infected with an adenoviral vector carrying a marker gene, ␤-galactosidase (Adeno-␤-Gal), at a multiplicity of infection (MOI) of 1-1,000 plaque-forming units/cell. After 24 h of infection, myocytes were fixed in 0.5% glutaraldehyde for 5 min at room temperature. The myocytes were then washed twice with PBS and stained for 2 h at 37°C in PBS containing 1 mg/ml 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal), 5 mM K 4 Fe(CN) 6 , 5 mM K 3 Fe(CN) 6 , and 1 mM MgCl 2 .
Adenoviral vectors carrying human ␤ 1 -or ␤ 2 -AR genes (Adeno-␤-1 -AR or Adeno-␤ 2 -AR) and Adeno-␤-Gal were kindly provided by Dr. Robert Lefkowitz (Duke University, Durham, NC).
Measurement of cell contraction. Myocytes were placed on the stage of an inverted microscope (Zeiss model IM-35), superfused with HEPES-buffered solution at a flow rate of 1.8 ml/min, and electrically stimulated at 0.5 Hz at 23°C. Cell length was monitored from the bright-field image (650-to 750-nm red light illumination) by an optical edge-tracking method using a photodiode array (model 1024 SAQ, Reticon) with a 3-ms time resolution. The contraction amplitude was measured as the percentage of shortening of cell length; the half-relaxation time was measured as the interval from the peak contraction to 50% relaxation.
Ca 2ϩ current measurement. L-type Ca 2ϩ current (I Ca ) was measured via the whole cell patch-clamp technique using an Axopatch 1D amplifier (Axon Instruments, Foster City, CA). For selective examination of I Ca , myocytes were voltage clamped at Ϫ40 mV to inactivate Na ϩ and T-type Ca 2ϩ channels. Tetrodotoxin at 0.01 mM was also included in the perfusion solution to ensure that the Na ϩ current was completely eliminated. K ϩ currents were inhibited by appropriate blockers in the extracellular HEPES buffer solution (4 mM 4-aminopyridine, 5.4 mM CsCl substituted for KCl in standard HEPES buffer solution) and in the pipette (1-2 M⍀) solution containing (in mM) 100 CsCl, 10 NaCl, 20 triethylammonium chloride, 10 HEPES, 5 MgATP, and 10 EGTA, adjusted to pH 7.2 with CsOH. I Ca was activated at 0.1 Hz by 300-ms pulses from a holding potential of Ϫ40 mV to test potentials between Ϫ30 and ϩ50 mV in 10-mV increments. To monitor drug effects, we continuously recorded I Ca elicited by a depolarization from Ϫ40 to 0 mV. The amplitude of I Ca was measured as the difference between the peak inward current and the current at the end of the 300-ms pulse. All experiments were performed at room temperature (23°C).
Confocal imaging of Ca 2ϩ transients and cell morphology. Myocytes were placed on the stage of a Zeiss LSM-410 inverted confocal microscope (Carl Zeiss) and excited by the 488-nm line of an argon laser. Intracellular loading of the Ca 2ϩ indicator fluo 3 was achieved by a 10-min incubation of the myocytes in HEPES buffer containing 10 M fluo 3-AM (Molecular Probes), followed by a 15-min wash. All images were taken in the line-scan mode (2 ms/line, 0.1-0.3 m/ pixel), with the scan line oriented along the long axis of the myocyte, avoiding the nuclei of the cell. The microscope was equipped with a Zeiss Plan-Neofluar 40ϫ, NA 1.3, oil-immersion objective, with an axial resolution of 1.1 m. IDL software (Research Systems, Boulder, CO) was used for image processing, data analysis, and presentation.
To characterize morphological changes in the myocytes during culture, we stained the cells with 40 M di-8-ANEPPS (Molecular Probes), a hydrophobic fluorescent indicator, in HEPES buffer for 30 min at room temperature. The sarcolemmal membrane system was visualized with confocal optical section images obtained under 488-nm excitation.
Statistical analysis. Data are reported as means Ϯ SE. Student's t-test was used to test for differences between freshly isolated cell and cultured cell groups, and a paired t-test was used for assessing the significance of drug effects. A value of P Ͻ 0.05 was considered to be statistically significant.
RESULTS AND DISCUSSION
Isolation of adult mouse cardiomyocytes. Combining features of previously reported protocols (3, 13, 22) and our own modifications, we have developed a simple and reliable myocyte isolation method that greatly improves the yield, cell quality, and reproducibility of cardiomyocytes isolated from adult mice (see METHODS for details). With this method, we routinely obtained a high yield (5.3 Ϯ 0.5 ϫ 10 6 cells/left ventricle, n ϭ 15) and high percentage (83.8 Ϯ 2.5%, n ϭ 12) of rodshaped myocytes that were suitable not only for acute functional studies but, more importantly, for shortterm culture and gene transfer (see Highly efficient adenovirus-directed gene transfer). Figure 2 shows a transillumination image of freshly isolated cardiomyocytes from the left ventricle of a wild-type C57B16/J mouse. Most of these myocytes were quiescent at physiological concentrations of extracellular Ca 2ϩ (1-2 mM) and, when electrically stimulated at 0.5 Hz at room temperature, generated a characteristic negative staircase of contraction (data not shown), followed by a stable steady-state contraction (3.23 Ϯ 0.21% of diastolic cell length, n ϭ 31). Similar results were obtained for myocytes from adult mice (2-4 mo old) of other strains, including 129SvJ, DBA/2, and FVB/N.
In our modified isolation method, several measures were taken to minimize cell damage during enzymatic digestion and restoration of the extracellular Ca 2ϩ concentration. These measures included 1) the use of a specific combination of collagenases and protease; 2) prescreening of enzymes to identify specific lots and batches that reproduced optimal results; 3) inclusion of BDM, a chemical phosphatase that reversibly inhibits contractile protein interaction (6) , to protect myocytes from hypercontraction during isolation and during the early stage of Ca 2ϩ restoration; 4) the use of bicarbonate buffer instead of HEPES buffer throughout the isolation and culture to keep the intracellular pH optimal; and 5) limiting the Ca 2ϩ -free perfusion time and restoring extracellular Ca 2ϩ promptly in a stepwise manner to alleviate the adverse effects of "Ca 2ϩ paradox" (18) . A combination of these efforts and modifications may account for the reliability of the present isolation method.
For subsequent mouse myocyte culture, one critical issue is to prevent microbial contamination during the isolation process. The following precautions proved to be very helpful: 1) a thorough rinse of the isolation apparatus with 70% alcohol and sterilized water before the heart was cannulated; 2) filtration of all solutions with a 0.2-m filter before use; and 3) allowing myocytes to sediment by gravity instead of centrifugation, to avoid drawing down bacteria or other microorganisms. It was not necessary to perform the cell isolation in a class II flow hood or laminar flow cabinet. This modification further simplifies the isolation procedure.
Culture of isolated mouse myocytes. We initially adopted previously reported culture methods for mouse (13) or rat (21) cells but observed that most adult mouse myocytes lost their rod shape and contractility, and even died after 24 h in culture. To solve this problem, we systematically screened several culture media [MEM, DMEM, or medium 199 (M199)] with or without supplements (insulin, creatine, L-carnitine, and taurine), employed various Ca 2ϩ concentrations in the culture medium (0-1.8 mM), and explored different combinations of these maneuvers. After many rounds of trial and error, we found that the specific MEM (Sigma 1018) with a physiological concentration of Ca 2ϩ (1.2 mM) produced the best cultured adult mouse myocytes. In addition, to minimize the dedifferentiation of the cultured adult myocytes, the FBS was withdrawn as soon as the myocytes attached to the culture dish (ϳ1 h). Contamination with fibroblasts was negligible after the freshly isolated myocytes were further purified with BSA-and FBS-containing solutions. The growth of fibroblasts was imperceptible during the short-term culture with FBS-free MEM.
On average, 72.5 Ϯ 2.3% of the mouse ventricular myocytes (n ϭ 13) remained rod shaped and quiescent after 24 h of culture (Fig. 2, right) ; i.e., the loss of viable myocytes was ϳ13.2 Ϯ 1.9% (n ϭ 7) during the first 24 h. Because 1 ϫ 10 6 mouse ventricular myocytes produced 1.5 Ϯ 0.2 mg of total protein (n ϭ 6) under our experimental conditions, the number of viable myocytes (4.6-4.8 ϫ 10 5 ) from a single mouse left ventricle after 1 day in culture would be adequate for most biochemical and molecular biological assays, including cAMP measurement, receptor radioligand binding assay, or Northern or Southern blot analysis (data not shown). During a prolonged culture period (2-7 days), the rod-shaped myocytes were gradually lost at a rate of ϳ15% each additional day.
Morphology and function of the cultured mouse cardiomyocytes. Cultured adult mouse cardiomyocytes were observed for morphological changes for 7 days. Figure 3 shows typical images of both myocytes and their sarcolemmal membrane system (including surface membrane and T tubules) taken from freshly isolated cardiac myocytes (day 0) and myocytes cultured for different times (days 2 and 7) . Most myocytes retained their rod-like appearance, clear striation, and well-organized T-tubule system during the initial 2 days in culture (Fig. 3, middle) , but the cell edges became slightly rounded and the cell length gradually shortened. After 24 h in culture, the resting cell length was decreased by ϳ15%, i.e., from 129 Ϯ 3.3 (n ϭ 31) to 108 Ϯ 4.5 m (n ϭ 26, P Ͻ 0.05), in agreement with previous observations in cultured myocytes of other species (15) . Furthermore, the T tubules gradually recessed after culture for 2 days. On day 7, the remaining myocytes had lost their striation and had become shrunken and rounded up, with either very few or no discernible T tubules (Fig. 3, right) .
To characterize functional aspects of cultured mouse cardiomyocytes, we measured the cell contractility, intracellular Ca 2ϩ transient, voltage-dependent I Ca , and receptor-mediated signal transduction. As shown in Fig. 4C , the contraction amplitude did not significantly differ in cultured and freshly isolated myocytes. Likewise, the amplitude of the intracellular Ca 2ϩ transient, as indexed by increase in fluo 3 fluorescence, increased only slightly after 1 day in culture. Similarly, there was no detectable change in I Ca in the cultured myocytes (778 Ϯ 66 pA at 0 mV, n ϭ 6) compared with that in freshly isolated myocytes (764 Ϯ 63 pA, n ϭ 13). However, prominent changes were observed in kinetics of cell contraction and Ca 2ϩ transients in the cultured myocytes, as manifested by a 46% and 58% prolongation, respectively, in their half-relaxation times relative to those in freshly isolated myocytes (Fig. 4, B and  C) . These observations are consistent with previous reports on cultured feline myocytes (2) . Although the exact mechanism underlying the kinetic change is presently unknown, the change in kinetics can be prevented by continuously pacing the cultured myocytes (2).
To examine receptor-mediated signaling in the cultured mouse myocytes, we measured the contractile and I Ca responses to stimulation of adenylyl cyclase, G s protein-coupled ␤-AR, or G i protein-coupled muscarinic receptors. Direct activation of adenylyl cyclase by forskolin (10 Ϫ6 M) induced a robust increase in the I Ca amplitude, which could be completely blocked by 50 M Cd 2ϩ , a Ca 2ϩ -channel blocker (Fig. 5A ). This result indicates that cAMP signaling, one of the most important intracellular second message systems, remained effective in regulating the downstream effectors. Furthermore, Fig. 5B shows that in a representative cultured cell, stimulation of ␤-AR by isoproterenol (Iso; 5 ϫ 10 Ϫ8 M) markedly increased the contraction amplitude, and subsequent activation of muscarinic receptors by carbachol (5 ϫ 10 Ϫ6 M) largely reversed this effect. Taken together, these results suggest that the major components of G s and G i protein-coupled receptor signaling systems remain intact in myocytes cultured for 1 day in MEM.
Highly efficient adenovirus-directed gene transfer. We next explored the feasibility of replication-deficient adenoviral vector-mediated gene transfer in adult mouse myocytes isolated and cultured using our method. As an example, expression of a marker gene, ␤-Gal, was conducted by infecting myocytes with Adeno-␤-Gal. The infection efficiency was determined by histochemical staining for ␤-Gal activity at 24 h after infection with Adeno-␤-Gal. As shown by the ␤-Galdriven color reaction (Fig. 6 ), 53% and 94% of myocytes were positively stained at MOI 1 and 10, respectively (results of 2 experiments). The expression level varied from cell to cell at these low MOI, as reflected in the nonuniform staining. However, both the percentage and uniformity of ␤-Gal expression improved at increased MOI; uniform expression in all myocytes was achieved at MOI Ͼ30 (Fig. 6) . These results indicate that adenovirus-directed gene expression in adult mouse cardiomyocytes is highly efficient, a finding comparable with that in rats or rabbits (4, (9) (10) (11) . In addition, the infection with adenovirus did not significantly affect cell viability. The percentage of rodshaped and quiescent myocytes was still 69.8 Ϯ 4.1% (n ϭ 6, P Ͼ 0.05 vs. control) of the total cells after 24 h of culture with Adeno-␤-Gal at MOI 100.
Rescuing the phenotype of cardiomyocytes isolated from ␤ 1 /␤ 2 -AR knockout mice. To further illustrate the potential application of our methods to molecular and genetic physiology, we opted to characterize and rescue, at the single-cell level, the phenotype of a ␤ 1 /␤ 2 -AR double-knockout (DKO) model, recently developed in Brian Kobilka's laboratory (19) . In ventricular myocytes isolated from the DKO mice, Iso (10 Ϫ6 M), a nonselective ␤-AR agonist, had no effect on either cell contractility or I Ca (Fig. 7) , even though the down- stream cyclase-cAMP pathway was intact, as evidenced by a robust I Ca response to forskolin (10 Ϫ6 M). These single-cell results are thus consistent with genotype and phenotype data obtained in vivo (19) , indicating that ␤ 1 -and ␤ 2 -AR are the predominant ␤-AR subtypes in the mouse heart.
Because the post ␤-AR signaling in the DKO myocytes remains intact, reexpression of ␤-AR by the adenoviral gene transfection system should be able to restore the ␤-AR agonist-mediated cardiac response. Indeed, in myocytes infected with Adeno-␤ 1 -AR for 24 h at MOI 100, both the contractile and I Ca responses to ␤ 1 -AR stimulation by norepinephrine (NE, 10 Ϫ7 M) plus an ␣ 1 -AR antagonist, prazosin (10 Ϫ6 M) were fully restored (Fig. 7) . Similarly, infection with Adeno-␤ 2 -AR at MOI 100 restored the contraction and I Ca responses to ␤ 2 -AR stimulation by zinterol (10 Ϫ5 M) in DKO myocytes (Fig. 7) . Thus expression of either ␤-AR subtype via adenoviral infection in DKO myocytes rescued ␤-AR function and, more importantly, created a genetically pure ␤ 1 -or ␤ 2 -AR biological system that would be ideal for future studies of the functional roles and signaling mechanisms of specific ␤-AR subtype in cardiac myocytes.
In summary, we have developed practical and reliable methods to isolate and culture adult mouse cardiomyocytes from wild-type or genetically engineered mice and to implement acute gene expression in these myocytes via adenoviral infection. With its greatly improved yield and cell quality, our modified isolation method provides an essential tool for physiological and biochemical phenotyping of transgenic or gene-targeted murine models at the cellular or subcellular level. Moreover, the feasibility of our adult mouse myocyte culture and gene transfer techniques should greatly facilitate the studies of molecular and cellular functions of important proteins using acute genetic manipulations. The combination of genetically engineered murine models with the adenoviral gene-transfer technique should further amplify the power of these complementary genetic approaches and create a myriad of novel and comprehensive experimental paradigms to rescue phenotypes of animal models or to target multiple functionally related proteins.
